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Abstract

Thermal stress inside an XM-I tank parked in the desert was evaluated on

heat-acclimated crewmen dressed in the standard Combat Vehicle Crewman

(CY(') uniform plus various configurations of chemical protective clothing (i.e.

Mission-Oriented Protective Postures l-4V). In addition, an auxiliary water-

cooled vest (WCV) was tested for its potential in alleviating heat stress imposed

on the active crewmen in a closed hatch, unventilated tank. Two tank crews (4

crewmen each) alternated exposures during six days of testing which included:

Day I - Mission-Oriented Protective Posture (MOPP) 1, open hatch; Day 2 -MOPP

Ill, opcii hatch; Day 3 -MOPP IV, open hatch; Day 4 - MOPP IV, closed hatch, no

ventilation; Day 5 -MOPP IV, closed hatch, no ventilation but with auxiliary

cooling; Day 6 - MOPP IV, closed hatch, no ventilation. Mean wet bulb globe

temperature (WBGT) index measured outside the tank varied between 25.7 C and

31.90C while the inside range was 26.80C to 35.0°C throughout the six days of

testing. Days 1-3 presented moderate heat stress to the crews, whereas on Days

4 and 6 the tank's environmental conditions with hatches closed and ventilator

off (i.e. a "silent watch" condition) were intolerable. Exposure times on Day 4

and Day 6 were 80 and 124 min, respectively, with termination due to crew

distress accompanied by high heart rates (HR) and/or convergence of mean

weighted skin temperature (MWST) and deep body temperature (T re). Water loss

for the active crewmen on Day 4 and Day 6 averaged 2.05 1 hr -  and

1.69 1- hr - , respectively, whereas on Days 1-3 water loss averaged 0.64, 0.30,

and 0.99 I hr - I , respectively. HR on the active crewmen was substantially

elevated with average final values of 162 b ° min - I on Day 4 and 147 b * min - I on

Day 6. In contrast, HR averaged 92 b . min - I on Day 1, 76 on Day 2 and 114 on

Day 3. The WCV appreciably reduced the heat stress, not only preventing

convergence of MWST on Tre , but in fact, increasing the Tre to MWST gradient

vi
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for the- crew to 7.50 C. Final physiological parameters for the crew after Z08

-1I 0 -I
min with WCV were MR1 113 b * min , I'r 38.1 C, water loss 0.63 1 * hr . In

colic lusion, an intolerablec (ondition exists whien tan~k crewifci 'Irv exposed to a

hot, desert environment while wearing full chemical protective clothing In i.

closed hatched, unventilated tank. A water-cooled vest worn under clothing

substantially reduces the heat stress.

vii



INTRODUCTION

With the potential for introduction of Nuclear, Biological and/or Chemical

Warfare (NBCW) to the modern battlefield, a major concern has been to evaluate

the performance capability of the soldier when he must be protected against

such environments. Safety measures have been devised to protect the soldier

fimn chemical agents if and when these are employed; additionally, situations

have been considered where chemicals are not yet employed but where there is

the potential risk. These risks have been identified and their resultant impact on

the soldier and his mission have been organized into a set of multi-level Mission-

Oriented Protective Postures (MOPP these are described in AR 385-63 and FM

21-40 but are als, it appears, currently being redefined by some tacticians.

Protection against Chemical Warfare (CW) agents requires that the soldier

be placed in an encapsulating micro-environment. While this provides protection

from external contamination, it also may confound the body's ability to eliminate

heat and thus result in heat stress on soldiers who are in hot-dry or hot-wet

climates. This is inevitable since any CW clothing adds insulation, while also

reducing evaporative cooling by interposing a vapor barrier between the skin

surface and the ambient environment.

Physiological responses of the soldier to heat have been thoroughly

investigated. However, few studies have been concerned with the clothed man

and even fewer with the heat stress imposed by the combined CW and desert

environments. This Institute has been involved in most of these studies for the

past 20 years, as shown in Table I. Earlier work by Goldman (4) clearly

demonstrated the intolerance of heat acclimatized individuals exercising in a

hot-wet environment while wearing CW protective clothing. Additional

corroborating information wis gathered by Joy and Goldnan (7) on troops

performing a variety of tactical exercises while being exposed to a hot climate



and wearing a CW protective ensemble. Tolerance times were substantially

reduced when exercise and heat were combined with the added clothing.

Table I

TIME CHART OF
NBC STUDIES

Y-AR STiJI)Y/EVENT/TITLE BY

1915 First se of Gas -Germans

1918 AEF#t 1433 Defense Against Gas "Troops need practice
wearing respirator f or longer periods...6 to 8 hours of
weartime may be necessary"..."thorough training and
drill...in use by troops of protective equipment..."

1959 Camp Pickett, VA FT Knox/EPRD*

1960 Copper Man Studies of NBC Clothing USARIEM

1961 Climatic Chamber Studies USARIEM

1962 FT Lee Field Studies USARIEM

1963 Road Operations in a Toxic Environment (Panama) USARIEM

1964 Road Operations in a Toxic Environment FT Ord/CDEC*

1965 IPR CB Protective Overgarment NARADCOM

1966 Mandrake Root (Computer Study) MUCOM/OPREGG*

1967 Mandrake Root Addendum Study US/USSR*

1966-68 Effectiveness In a Toxic Environment CDC/CAG*

1969 US Arrphi bi ous A ssaul t 69- 10 NMFRL*

1969 Doctrinal Guidance for NBC Wear USARIEM

1970 Copper Man Evaluations USARIEM

1971 Reducing heat stress in NBC ensembles TTCP/Edgewood*

1975 Grand Plot III CI)CEC/I OF*

1975 US/CDA/IJK Companion Study Dugway*

1978 Wetted cover to reduce heat stress in NBC USARIEM

1979-80 Reducing heat stress in a CB Environment TRADOC/FM21-40 *

1980 Heat stress for XM-I CVC in CW protection USARIEM

1980 Potential heat stress in IJSN Carrier flight operations USARIEM

tISA RIE M INVOLVEMENT
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,ivoni and Goldman (3) have develo p ed a theoretical miodel that predicts

deep body temperature (T re) and heart rate (MR) over time; it includes inputs for

exercise intensity, clothing, degree of heat acclimatization and the

environmental conditions. From this model it was predicted that there would be

a substantial heat stress on active crewmen, clothed in CW protective clothing,

while inside the XM-l main battle tank in a desert efnvironment. The model was

developed from years of environmental chamber and field research studies,

including some in which heat stress had been produced under similar

circumstances. As a result of this expertise, the Military Ergonomics Division of

the US Army Research Institute of Environmental Medicine (USARIEM) was

tasked by the principal Deputy Undersecretary of Defense for Research and

Engineering to run a study: 1) to demonstrate whether or not there was

significant heat stress potential during operations of the XM-l in a CW

environment and 2) if so, to demonstrate that some form of auxiliary cooling

could alleviate the stress.

METHODS AND PROCEDURES

subjects

Eight experienced tank crewmen (2 crews) from the US Marine Corps, Air

Ground Combat Center at 29 Palms, California volunteered to participate in

this study to evaluate the heat stress imposed by a variety of chemical

protective postures in a desert climate while inside the XM-I main battle tank.

The Marine volunteers were superbly fit, extremely well-trained M-60 tank

crews (demonstrated 95% first round hit/kill probability), thoroughly heat-

acclimated (having just participated in field maneuvers in the desert) and

extremely well-motivated. In addition, superb leadership and additional

motivation was provided by the Chief Warrant Officer who served as OIC for the

3



subject group; he had particular interest in the study oecause ne was assigned to

the 3rd Tank Battalion at 29 Palms as their CW Officer/Expert.

The XM-i Tank

The XM-I main battle tank has been designed to replace the current ivk-6O

series vehicle as the Army's primary tank. I'he Xivi-I ieatures a new concept in

armor to improve survivability, a turbine engine coupled with a redesigned

suspension which allows for very high cross-country speed, and a laser fire

control system which increases the percentage of first round hits. The turret

ammunition storage area is protected by ballistic doors and by special blast

blowout panels to minimize injury to the crew in the event of a direct hit. ivuch

attention has been paid to simplifying various crew controls. The turret has a

small ventilator, and the vehicle is equipped with a gas particulate filter system

similar to that in the M-60 series main Dattle tank.

The tank conditions tested both open hatch with the turret ventilator on,

and closed hatch with ventilator off. In the latter condition, an investigator was

stationed in the tank to observe the crewmen's status. The particulate filter

blower which supplied filtered air to the M-25 gas mask remained on during this

condition. A plastic cover replaced the driver's hatch during the closed hatch

condition because it was felt that an incapacitated driver could not be easily

removed through the turret in this study. 'he tank was parked in the sun by the

side of an air-conditioned building, where all the data collection equipment was

located.

Experimental Protocol

All testing was performed in September L980 at the US Army Yuma

Proving Grounds, Yurna, Arizona during the hottest hours of each day (i.e.

between 1330-1700 hrs). The experimental conditions and scheoule are presented

in Table 2. The first two days were categorized as training days, to acquaint the
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crew and investigators with the procedures. Days 2-6 employed the use of a

variety of dothing combinations. On Day 2, the Marines wore their own two-

piece CW liner undergarment and their CVC uniform. The dothing oo Day 3

included the Marines' CVC uniform plus the standard two-piece overgarment

with M-25 gas mask, hood, gloves and boots; on Days 4-6 the same dotting

ensemble was worn as on Day 3 except that the one-piece CVC uniform supplied

by NLABS was substituted for the Marines' CVC uniform. No body armor was

used by the crew during any exposure.

Table 2

Test Schedule and Experimental Conditions

Day Clothing Ensemble Tank Condition

Combat Vehicle Crewman (CV C) OH, VT
only

2 CVC plus NBC suit opened (MOPP i11) OH, VT

3 CVC plus NBC suit dosed (MOPP IV) OH, VT

4 CVC plus MOPP IV CH, JV

5 CVC plus MOPP IV with CH, UV
Auxiliary Cooling

6 REPEAT of DAY 4

OH - open hatch; VT - ventilated; CH - dosed hatch; UV - unventilated

Auxiliary cooling. Auxiliary cooling was supplied through a water-cooled

vest (WCV) which, based on heated copper manikin work completed at UJSARIEM

(2), had an adequate cooling potential. Figure 1 presents the cooling capability

of some five different water-cooled garments or clothing items, as a function of

_ . .. .... .: ..... .? ..... - ... . ." .. . "

I . . . . . .. . ..".. . . . . . . . . .. . . .fl .. . . . .. .. i I



the cooling water temperature. The system used in the present study to cool the

water was An external, prototype cooler; work is continuilig at NLAIS and

MERADCOM to refine the cooling system.

400

350

300

C,
z
= 250

u 200
0

WATER-COOLED
150 -GARMENT, LONG

WATER-COOLED

100 GARMENT. SHORT

50 - WATER-COOLED CAP & VEST

WATER-COOLED VEST

WATER-COOLED CAP

10 15 20 25 30
COOLING WATER INLET TEMPERATURE (C)

Figure 1. Cooling power of two water-cooled garments, and a water cooled
vest and/or cap as a function of inlet water temperature (Fonseca,
1981).
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Environmental measurements. Cou prehensive IIett-orologi(al data were

acquired both inside and outside the tank. Wet B~ulb Globe Temperature (WP, ,T)

index was measured and considered to be the best indicator of the physiological

effects of environmental conditions. The WBGT index is a compilation of 10% air

temperature, 20% 6" Black Globe Temperature (representing the radiant heat

lodd received by a man) and 70% the naturally convected (i.e. non-ventilated or

non-psychromnetric) Wet Bulb temperature; the latter is more applicable to a

soldier, who only has the available air motion to evaporate whatever sweat he

produces, than the conventional or Wet Bulb Temperature (AB) which uses a

ventilated wet bulb thermometer.

The general guidance for application of the WBGT index to military

operations, as specified in TB MED 507 (8), is that when the WBGT index reaches

26°C (780 F) caution should begin to be taken if extremely intense physical

exertion is involved; when the WBGT index reaches 28 0 C (820 F) discretion

should be used in planning heavy exercise for unacclimatized personnel; when it

reaches 290 C (850 F) strenuous exercise such as marching at cadence should be

suspended in unacclimatized troops during their first three weeks of training, and

outdoor classes in the sun should be avoided. When the index reaches 31 0 C

(880 F) strenuous exercise should be curtailed for all recruits and other trainees

with less than 12 weeks training in hot weather, although hardened personnel,

after full acclimatization each season, can carry on limited activity at WBGT of

31 C - 32 C (88o F to 900 F) for periods not exceeding 6 hours a day. Above a

WBGT index of 320 C (900 F) physical training and strenuous exercise should be

suspended for all personnel (excluding essential operational commitments not for

training purposes, where the risk of heat casualties may be warranted). The

statement is also included that wearing of NBC warfare protective uniforms in

effect adds 60 (100 F) to the measured WBGT and limits should be adjusted

accordingly.

7



In addition to the WBGT as measured with the standard Weksler kit

(FSNI/6665-0-159-2218), two Botsball instrunents (i.e. a new and simpler WBGT

monitoring instrument (9) just now being introduced into the Federal Stock

System), exterior a;id interior air temperatures (DB) and wet bulb temperatures

(WB) were obtained. Exterior wind speed was monitored by a cup anemometer

while a hot wire anemometer was used to measure interior air motion.

Physiological measurements. The physiological responses of each crewman

were monitored to quantify the heat stress imposed on the crew within each

condition and also to insure the crew's safety. HR was obtained using a standard

three-lead electrocardiograph (ECG) and recorded at appropriate intervals during

the exposure. Mean weighted skin temperature (MWST) was measured with

temperature sensors placed on the chest, forearm and calf, while deep body

temperature (T re) was recorded from a thermistor inserted 10 cm into the
re(" u re

rectum.

The meteorological and physiological data were fed directly into a

hewlett-Packard 9825 computer via a network of cables passed into the building,

situated dcose to the tank. The on-line data acquisition system continuously

recorded all information on magnetic tapes and instantaneously graphed these

data on a Hewlett-Packard Plotter; this insured maximum safety for the crew.

Pre- and post-nude weights, adjusted for water intake, were obtained with

each exposure and yielded a value of the total Sweat Production (P); whereas

pre- and post-, fully clothed weights were also recorded to determine Sweat

Lvaporation (E). The ratio of the amount of sweat evaporated per unit of sweat

produced (E/P) is an additional index of heat stress in hot climates.

-- 4 Activity level. The interior temperatures and humidities inticipated in the

XM-I had been used to predict the response of the crew wearing the CVC

uniform plus the NBC protective overgarment. This modelling had been carried

8



out at I IA RIEM prior to the field %ttidy so that the design of the sttidy %cenaria

could meet a commitment to avoid colYditionS which would lead to potential heat

stroke, which has a significant associated fatality rate. It was predicted that, if

the activity level were limited so that average exercise intensity over an hour

would not amount to more than a moderate level ( 200 kcal * hr - ) only heat

exhaustion, an equally limiting but non-fatal form of heat tolerance limit, would

be incurred; in MOPP IV, it was projected to be incurred within one to two hours

of exposure for the closed hatch conditions. Fu;,ther, to avoid potential injuries

to subjects unskilled and untrained in XM-l operations (albeit highly trained in M-

60 operations), no power modes would be used; manual controls would be used to

generate the desired, low to mederate exercise level. Accordingly, it was

decided that there would only be one, 3-5 minute fire mission performed every

thirty minutes. Specific tasks were designed for each of the four crew members

(Appendix B).

Experimental procedures. Similar procedures were followed throughout the

six days of testing. Start times were later on Days I and 2 as compared to Days

3-6 since both tank crews were unfamiliar with the test protocol. The

appropriate crew arrived at the air conditioned control center following lunch.

Each crewman was weighed nude, after he emptied his bowel and bladder. Skin

and rectal harnesses were fastened in place, and the three leads for the EGG

were attached to the skin by the investigators. The crewmen then were aided in

donning the appropriate clothing ensemble for the day. Clothed body weights

were obtained after complete dressing, followed by the administration to each

crewman of 0.2 liters ( ,i pint) of water. All administered water wa's measured

4-4 and recorded for use with the sweat production and evaporation calculations.

Water ingestion was strongly encouraged by the investigators throughout each

exposure. After completing all baseline measurements, the fully clothed crew

walked to the tank.

9



RESULTS

Environmental Conditions

The environmental conditions varied throughout the six days of testing and

differed both inside and outside the tank. It is fortunate that the first two days

were set aside as training days. The first day was the hottest, with air

Ta AND RH INSIDE THE XM-1 AND AT YPG MET STATION
TEUP I TEMP 'F

R1 1DAY 1 (9/3/80) AM11DAY 4(19/8/80)

$ 100 - To uN0 Ta

50 O 'O_

0 0

DAY?2 (9/4/80) DAY 5 (9/g/801

so 50-- - T

RHR,

0- 0

DAY 3 (9/5/801 DAY 5(19/10/80)
0 10 TI -00

S 50- so-

TIME (MR)

Figure 2. Comparison of the relative humidity and dry-bulb temperature
readings inside the tank (RH. and T.) with those readings reported
at the Yuma Proving Grounh Mete&rological Station (RH aand T a
on Days 1-6.a a

10



temperature reachin, 132 F at 1500 hr; wearing only the CVC uniform the men

experienced substantial discomfort inside the tank. The second day (4 Sept 1980)

an unusual thunderstorm occurred which dropped the air temperatures and

dramatically raised the humidity.

Conditions were in the desirable range during the four days of actual test

operations (5, 8, 9 and 10 Sept). The temperature averaged 95 + 20 F with

26 + 2% relative humidity; winds were from 4 to 13 knots and cloud cover was

between 13 and 30%. As shown in Figure 2, there was very little buildup of

interior air temperature above air temperature reported at Yuma Proving

Ground Meteorological Station, even during Days 4, 5 and 6 when the hatches

were closed and the ventilators shut off. On Days I to 3, when the hatches were

open, there was a significant, but small increase (approximately 10%) in interior

relative humidity over exterior. However, when the hatches were closed (Days

4, 5 and 6), although therr was not much temperature buildup inside the vehicle,

the interior relative humidity rose dramatically, to approach 95% RH on Day 6.

This contrast in humidity buildup with closed versus opened hatches is depicted

graphically in Figure 3; the three dimensional plot emphasizes the difference in

relative humidity buildup inside the crew compartment on Day 3, when the

hatches were opened, from that on Days 4, 5 and 6 when the hatches were

closed.

When one looks at the more relevant WBGT index to describe the

environmental stress of the environment, as shown in Figure 4 on Days I and 3,

the WBGT inside the vehicle was actually lower than outside; this amounted to

only a few degrees and was a result of the reduction of the direct radiant load

component of the WBGT. However, on Days 4 through 6 there was a substantial

and progressive increase in interior W1BGT throughout the one to two hour

exposure of the subjects inside the vehicle, reflecting the increase in interior

humidity as a direct result of the crew's sweat production.

I-I



XMI TANK
1700

1530 IM43

1401500 QIN

1330 1400

40 17000

Figure 3. Relative humidity readings inside the XM-1 averaged over each

half hour of exposure fromn Days 3-6.
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WBGT INSIDE (--) AND OUTSIDE (--.) XM-1

1 C DAY 1 (9/3/80) (°F)°C DAY 4 (9/8/80)

(104140 (104)401

186130 (86)30- -_

(681201 (68) 20 | 1 2

(F) C (°F)°C

(104)40 DAY 3 (9/5/80) (104)40- DAY 6 (9/10/80)

(68)?0 (68) 20-

TIME (HR)

Figure 4. Comparison of WBGT readings inside the XM-I with outsidfe
readings on Days 6-6.

18? 3
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Physiological Responses

Although Day I was the hottest day, because the hatches were

open, the crew compartment WBGT index averaged only 30.5 C. It can be seen

that there was little change in deep body temperature, and skin temperature

stayed well below deep body temperature (Fig. 5) for the crew.

40 DAY 1 40- DAY 2

39 30

37-- 37-

3B- 39
W
S35- ."-....." ....3 ....."........
3d

Wf-
X 34 34-
W
I--

33- 33.

32. 32- MEAN Tr-s

.............MEAN MWST
31' 31"

D )0 100 1 0 0 150 200

TIME (mirutee)

Figure 5. Average deep body temperature (T re) and average mean weighted
skin temperature (MWST) of the crew on Days I and 2.
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Day 2 (4 Sept) was highlighted by an unusual thunderstorm which produced

I ('oo1 (26.80 C) interior WBC.T and an unusually high relative humidity. The ,hen

were quite comfortable even though they were wearing their own chemical

protective liner undergarments under the CVC uniforms. The difference

between skin and deep body temperature is greater than on the first day (Fig. 5).

The only changes in skin and deep bodj temperature during the exposure are

associated with the 5 minute fire mission every half hour.

On Day 3 the men did wear the chemical protective overgarment in MOPP

IV configuration but, because the hatches were open, again deep body

temperature stays quite flat. It can be seen that skin temperatures are much

closer to the deep body temperature on Day 3 (Fig. 6), but the men had no

difficulty in completing the exposure to the scheduled 1700 hr termination time.

40 T  DAY 3 40- DAY 4

t
39- 39.
-39 38 ...

37 37

7.'36 36

w

I35- 35
w
a-
X 34- 34
WI.-

33- 331

32. 32. MEAN Tr.o

MEAN MWST

31 32

a 50 100 150 200 0 50 100 150 20

TIME (minutes)

Figure 6. Average Tre and MWST of the crew on Days 3 and 4.
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On Day 4, however, when tile hatches were dosed, a very different pattern

emerged. Although a relatively constant difference was maintained between the

interior and exterior dry bulb temperature (Fig. 2), the interior WI3GT rose

approximately 60 C (CH F) within 45 ininutes and presented a steeply rising heat

stress to the crew. The effects of this stress are immediately notable in the

steeply increasing skin temperatures, and in the more slowly responding but

nevertheless increasing deep body temperatures of the crew (Fig. 6). Errors

were detected in the Commander's directions for the fire mission within 30

minutes of the start of the exposure and within the first hour he, himself, noted

he was "making dumb mistakes". Water intake was strongly encouraged and

some of the crewmen ingested up to 3 canteens an hour. Despite these unusual

attempts to maintain hydration, the superb physical condition of the men, their

superb motivation and acclimatization and a high degree of leadership exhibited

by the Tank Commander, after 80 ininutes the Gunner slumped back in his seat,

tore off his gas inask and indicated that he could not continue. The Commander

and Gunner had voiced complaints for some time previously that they "felt

chilled" and "were a little dizzy", but they had not reached any of the established

physiological criteria for removal from the exposure. The crewnen had been

encouraged to continue and had voluntarily done so despite their increasing

discomfort. Although he had not reached the criteria for investigator

termination of his exposure, this voluntary discontinuance by the Gunner was not
-t

capricious; his final heart rate was 178 b min

Essentially similar exposure conditions prevailed on Day 5, but the men

wore a vest supplied with cooled water; this removed heat at a rate of about 75

watts from each man since the inlet water temperature was about 17.70 C

(cf. Fig. I). Although the interior envirorynental humidity buildup did occur (Fig.

3), there was little or no rise in (Jeep body temperatures (Fig. 7); skin

16
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Figure 7. Average [re and MIWST of the crew on Days 5 and b.

temperatures were extremely low. The men completed the full exposure without

difficulty, without error and without discomfort other than potential over

cooling.

[he XM-I tank used during the first three days of study was removed to be

worked on over the weekend. It was returned to the test site with "a dust clip"

in place, which substantially reduced the air flow through the particulate filter

blower to the gas masks. [his had not been detected by the crewmen, who had

not noticed any altered ventilation to the mask, nor by the investigators because

the clip is located well forward and oidden by the gun barrel. [here was

therefore some question as to whether or not the early tolerance kat SU min)

experienced on I)ay 4 might De associated in some readers' minds with a lack of

17
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gas mask ventilation. I'o control for this, the clip had been lett in place for the

first 80 minutes of exposure on the following day k)ay )), when with the

auxiliary cooling system was worn. Although no problem was experienced, and

the crewmen did not report any significant difference in their perception of

ventilation when the clip was removed at the 80th minute on Day 5, it was

decided that the closed, hatch, MOPP IV, ventilators off, blowers off condition of

Day 4 should be repeated with the particulate filter blower fully functional (i.e.

without the clip in place).

Accordingly Day 6, which had been scheduled for photography and as a

potential makeup, was utilized to essentially repeat the Day 4 exposure, but with

full air flow to the crewmen's masks. The ambient conditions were milder than

Day 4 (WbGr was 350 C on Day 4 versus 33.40 C on Day b) so that it took longer,

but the heat intolerance pattern exhibited on Day 4 was clearly repeated (Fig. 7).

Again it was the Gunner who, at 124 minutes of exposure, sank back in his seat,

removed his mask and declared that he was unable to continue any longer. On

this occasion, his voluntary intolerance occurred at about the same time that his

skin temperature equaled his deep body temperature. Again, there was no

question of mnlingering. A\s on Day 4, there were fire command errors,

subjective discomfort anc complaints beginning fairly early and increasing

throughout the exposure. [he investigators believed these men did their best in

the attempt to complete the full exposure.

The neart rate responses serve as perhaps the best single expression of the

combined effects of work, environment and clothing on the crewmen. Figure 8

presents the average response of all crewmen as a function of exposure time for

all six days, while Figures 'j and lb present the individual heart rates for eacn day

for the Tank Commander, Gunner, Loader and Driver, respectively. Looking at

the heart rate responses of the crew as a whole, on Day I one sees the heart rate

relatively flat throughout the entire exposure; the average rarely exceeds

IS
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180 CREW DAY WBGT (IN)
(MEAN. INITIAL-FINAL)

A - 1 30.5. 30.7-30.0

150 -x - 2 26.8. 30.4-27.8
o -3 28.1, 28.8-28.8

o -4 35.0, 30.2-37.0
A-5 32.5. 28.6-33.2

140 + -6 33.4, 28.3-36.2

I®+.0 120

0

60

T I I 1 I i i I i i I I I I

-15 0 15 30 45 60 75 9o 105 120 135 150 155 180 195 210

t (min)

Figure S. Average heart rate (HR) responses of the crew on Days 1-b.

100 b ° min - . On Day 2, because of the unusually cool conditions accompanying

the thundershower, heart rate stayed at about 80 to 85 b ° minI during the

entire exposure. On Day 3, with open hatches and ventilators off, heart rate

while wearing MOPP IV was still relatively flat but averaged above 100 b min -

In contrast, on Days 4 and 6 heart rate rose continually reaching a peak of

150 b - min - for the average for the four men after U min on Day 4 and about

135 b * in' for the average of the four men at 124 min on Day 6. When

auxiliary cooling was provided, the average heart rate of the group was below

that observed when the hatches were opened throughout the exposure on Day 3.
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The diflerence in work between the lour crew positions is best oiuserved in the

individual HR responses shown in Figures o and 10; the Tank Commander is

clearly not stressed as severely as the Cunner, both are stressed more severely

than the Loader and the level of stress on the )river is mininial, even on Day 4.

The sweat production and sweat evaporation for the crew over the first

three clays, with hatches open, contrasts with the last three days with hatches

closed, as can be clearly seen in Figure II. 'he sweat production and

evaporation were greater on Day 1, when the men were only wearing CVC

garments, than on Day 2 when the ihen were wearing the CVC garments plus the

chemical protective liner; the environmental conditions were substantially hotter

on Day I. On Day 3, with hatches open but with the men in MOPP IV

configuration, the sweat evaporation is not substantially diflerent from that on

Day I but it is achieved at a much greater expense in sweat production. With the

hatches closed on Days 4, ) and 6, the evaporation is stringently limited. As can

be seen clearly in Figure Ii, there is a substantial conservation of body water

with auxiliary cooling. [lhis water conservation is an important benefit. lhe

relative melficiency ot sweat ei iiination of body heat under these severe heat

stress conditions can be clearly seen in the L/tP ratio figures shown for Dayc 4

and b (Fig. 11); these are in the 20 + 20"A) range, in contrast to the 3i * value with

auxiliary cooling on [)ay ) or the open hatches of Day 3, and the b0 to 80% of

Day I when only the CVC uniform was worn.

z0



ISO - TANK COMMANDER DAY WBCT
(MEAN. INITIAL-FINAL.)

A-1 30.5. 30.7-30.0

160 -x - 2 26.8. 30.4-27.11
o - 3 28.1, 281.8-28.8
o - 4 35.0. 30.2-37.0
& - 5 32.5, 28.6-33.2

100

60

-15 0 15 30 45 60 75 20 105 120 135 150 165 180 18L5 210

1 (min)

180 - GUNNER DAY W8G1' (IN)
MEAN, INITIAL-FINAL

A- 1 30.5. 30.7-30,0

160 -x - 2 26.8. 30.4-27.8
o - 3 28.1. 28.8-28.8

+ 0- 4 35.0. 30.2-37.0
/ A - 5 32. 28.5-33.2

140 -+ - 6 33.4, 28.3-36.2

10

4 60

-15 0 15 30 45 60 75 U0 105 120 135 150 1'65 1860 195 210

t (min)

Figure 9. Heart rdte (HR) responses of the Tank Commander and Giunner on
Dlays 1-6.
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180 LOADER - DAY1
x- DAY 2

o- DAY 3

10 - a- DAY4

+ 4- DAYS6
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160 DRIVER DAY WBGT
MEAN. INITIAL-FINAL

- 1 30.5. 307-30.0
x - 2 26.8. 304-278

1o0 o - 3 28.1. 28.8-28.8

0-4 350. 30 2-370

A - 5 32,5. 28.6-33 2

140 + -6 33.4. 283-362
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Figure 10. Heart rate (HR) responses of the Loader and Driver on Days 1-6.
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500-

450 LI- SWEAT PRODUCED (20)

400 SWEAT EVAPORATED (17)

EVAP/PROD RATIO
C4~ 350 -(44)

im300

Co 250 (75 (31)

200

100 (81)

WBGT (0C) DAYl1 DAY 2 DAY 3 DAY 4 DAYS5 DAY 6
INSIDE 30.5 26.8 28.1 35.0 32.5 33.4

Figure 1I. A verage Sweat production, sweat evaporation and
evdl)oi tti on/production ratio of the crew on Dlays 1-6.

Individual final MWST, T reand HIR for ewch man, each ddy, are presented

in Table 3. The physiological data fully reflect the relative strains as a result of

the expostxre in MOI 1P IV with closed hatc-hes and the consequent inability of the

men to continue. The alleviation of heat stress induced by auxiliary cooling is

slifIii lent that thle final condi tionis on Dlay 5, e ven though the nuin ber of fire

msin% each half hour was increased, were not terribly dissimnilar from those on

fDay 3 when the CW protective dJothing was xorn, hatches were open and the

ventilators were on; however, these final temperatures on Dlay 5 were not

produced with as little (-ardiovdsculdr strain (as shown in the heart rates) as on

Dlay 2, when the amint environmental conditions were cooler.
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